Cerebral ischemia provokes sequential changes that include EEG suppression, anoxic depolar ization (AD) with maximal increases in extracellular po tassium ion activity (K + 0 ) ' and anoxia with maximal de creases in tissue oxygen tension (tPOz) and increases in the reduction/oxidation (redox) ratios of the mitochon drial electron transport carriers. Studies were directed toward relationships among these events during cerebral ischemia ("four-vessel occlusion model" ) in pentobar bital anesthetized rats. Results demonstrate that EEG suppression and anoxic depolarization do not occur as a simple function of progressive oxygen decline during ce rebral ischemia. Rates of K + elevation, tPOz decline, and
Interruption of brain circulation quickly causes loss of functional activity and threatens irreversible injury. Studies to understand mechanisms of such injury have identified a reproducible sequence of changes produced by cerebral ischemia that in cludes suppression of EEG and evoked potential activity, shifts in transmembrane ion gradients (H + , Na + , K + , Cl-, and Ca 2 + ) and anoxic depolariza tion (AD), and fluid shifts to the intracellular com partment and shrinkage of the extracellular space (e.g., Van Harreveld and Ochs, 1956; Hansen and Zeuthen, 1981; Harris et aI., 1981 Harris et aI., , 1987 Siemko wicz and Hansen, 1981; Hansen, 1985;  Siesj6 and cytochrome a,a3 reduction were decreased in the imme diate period following EEG suppression. Latency to EEG suppression was inversely correlated with latency to maximal cytochrome reduction. In contrast, AD was as sociated with increased rates of tPOz decline and cy tochrome a,a3 reduction. Latency to AD was related to latency of subsequent maximal cytochrome a,a3 reduc tion. These data suggest that EEG suppression spares oxygen while AD accelerates the progression to energy failure by accelerating the decline in oxygen stores in brain following global ischemia. Key Words: EEG Anoxic depolarization-Potassium-Oxygen-Cerebral ischemia. Bengtsson, 1989) . Metabolic concomitants of cere bral ischemia are those expected of a deteriorated energy state induding decreases in phosphocreatine (PCr), ATP, and glycogen with increases in lactate and in reduction/oxidation (redox) ratios of the elec tron carriers of the mitochondrial respiratory chain (e.g., Rosenthal et aI., 1976; Siesj6, 1978; Naruse et aI., 1984; Mayevsky et aI., 1985) . Although EEG and ion transport activity are widely used to indicate consequences of ischemia following reperfusion, mechanisms underlying EEG suppression and AD during ischemia are not well defined. What is known is that changes in EEG and evoked potentials more sensitively indicate blood flow decreases than does anoxic depolarization. For example, electrical suppression occurred more rapidly than AD during global ischemia and at higher flow rates during oligemia (e.g., Astrup et aI., 1977; Branston et aI., 1977; Astrup, 1982) . Also, irreversible injury was more closely associated with loss of ion homeostasis (e.g., Siesj6 and Bengtsson, 1989) and was not an inevitable consequence of electrical failure during ischemia (Symon et aI., 1975) . Also reported was that times to EEG sup pression and AD were influenced by preis chemic metabolic rate (Astrup et aI., 1980) and glucose stores (Hansen, 1978; Siemkowicz and Hansen, 1981) . A premise of the present investigations is that a step toward understanding these events may be forthcoming from determining whether EEG suppression and AD are beneficial or detrimental toward maintaining brain oxygenation or whether these changes merely reflect a declining energy state.
In these studies, EEG suppression and AD were produced by global cerebral ischemia to examine two widely held but somewhat conflicting sugges tions. One is that EEG suppression and AD are provoked by progressive energy failure and that each reflects threshold levels of tissue oxygen ten sion (tP02) and shifts toward reduction in the mito chondrial electron transport carriers. The other is that EEG suppression is compensatory, sparing oxygen for the production of energy for other ac tivities. If this latter suggestion is true, EEG sup pression should decrease the rate of subsequent events and an inverse relationship would be ex pected between the rapidity of EEG suppression, and times to maximal reduction of mitochondrial cytochromes. Also examined is whether AD is one of several characteristic events occurring during the progression to anoxia or whether AD accelerates this progression by increasing the rate of oxygen decline. These investigations have been described in a preliminary report (Raffin et al., 1988a) .
METHODS

Animal preparation
Data were derived from rats of the Wi star strain (300-350 g) that were anesthetized with pentobarbital (50 mg/kg, i.p.). Ischemia was produced by a modification of the "four-vessel occlusion" procedure of Pulsinelli and Brierley (1979) as described previously (Harrison et aI. , 1985) . In brief, a midline incision was made to retract the neck muscles, the alar foramina were exposed by blunt dissection, and the vertebral arteries were cauterized by electrocoagulation. Cannulae were inserted into the tra chea for artificial ventilation, into a femoral vein for drug administration, and into a femoral artery for continuously monitoring systemic blood pressure and for intermittently sampling arterial blood for analysis of arterial pH and arterial tensions of CO2 (PaC02) and oxygen (Pa02). Pa ralysis was produced by d-tubocurarine (i. v. to effect) that was supplemented as necessary. Preparation was also made to supplement pentobarbital to maintain con stant levels of anesthesia as indicated by constancy of EEG and blood pressure at levels compatible with surgi cal anesthesia. However, times between surgery and data acquisition were sufficiently brief such that supplementa tion was not required. The animals were ventilated with 30% O2 (balance N2) through a positive pressure respira tor (Harvard Apparatus Co.) with stroke rate and volume adjusted to maintain arterial blood gas values within nor mal limits (Pa02 � 100 mm Hg, PaC02 from 34-42 mm Hg, pH from 7.36-7.43). Arterial blood samples were J Cereb Blood Flow Metab, Vol. 11, No.3, 1991 taken during surgery and periodically throughout experi ments and analyzed with a blood gas analyzer (Radiom eter-Copenhagen, ABL30). Changes in the inspiratory gas mixture were made by changing the input to the res pirator.
After exposure of the carotid arteries, polyethylene tubing (PElO) was looped around each carotid artery and threaded through short lengths of bilumen silastic tubing (Labtician Products, ST-2062-BL). To produce ischemia subsequently, this silastic tubing was advanced until it was pressed against the artery and secured in place with a hemostat. After emplacement of the looped tubing, an imals were positioned in a three-point head holder and the skin and muscles overlying the midline of the skull were retracted. A skull flap measuring approximately 4 x 6 mm was carefully thinned and removed from the right side of the calvarium between the lambdoid and the bregmoid sutures. A small cut was made in the dura with a needle. This cut was expanded with scissors and the dura re sected to permit penetration of microelectrodes into the brain tissue. The cerebral surface was covered with min erai oil to prevent drying. The cisterna magna was ex posed and incised, and a wick inserted to drain cerebro spinal fluid (CSF) to reduce intracranial pressure and avoid swelling. A rectal thermister probe was inserted to monitor body temperature, which was maintained at ap proximately 37.soC with an electric/hot water heating blanket.
Monitoring techniques
Polarographic measurements of cerebral oxygenation.
Local cerebral oxygen tension (tP02) was monitored with polarographic oxygen-sensing microelectrodes (e.g., Kreisman et aI., 1979; Feng et aI., 1988) . These electrodes were fabricated from 80% platinum-20% iridium wire that was etched to a I /-lm tip and insulated with glass. The electrodes were dipped into a 10% aqueous solution of Rhoplex (Rhom and Haas AC-235) to prevent coating of the platinum surface by protein while allowing the pas sage of gas molecules and ions. The electrodes were po larized from -0.6 to -0.8 V with reference to an Ag/AgCI electrode connected to ground. The polarization voltage was kept constant with a voltage clamp circuit. The current output of electrodes was a linear function of oxygen tension under these conditions. The electrodes were implanted approximately 1,000 /-lm below the neo cortical surface in areas in which the recorded tP02 matched previously recorded mean tP02 values (approx imately 10-15 mm Hg).
Extracellular potassium ion activity. K + 0 was mea sured with double-barreled, liquid ion-exchange micro electrodes (e.g., Sick et aI., 1982) , implanted approxi mately 1,000 /-lm below the neocortical surface in close proximity to the polarographic electrodes. The reference barrel of the K + microelectrode was used to monitor lo cal direct current (DC) potentials that were electronically subtracted from the signal obtained from the K + -sensi tive barrel to yield an electrical potential that varied with changes in potassium ion activity. The activity of K + 0 was calculated from the electrical potential (EK + ) using a standard calibration curve obtained from solutions con taining varying concentrations of KCl in N aCI to maintain a constant ionic strength of 150 mEq/L. Spectrophotometry of cytochrome a, a3• Changes in the redox ratio of cytochrome a,a3 were monitored by dou ble-beam reflection spectrophotometry (J6bsis et aI., 1977) . This technique is based upon the fact that this cy tochrome absorbs more light at 605 nm when reduced than when it is oxidized. To compensate for absorption changes due to hemoglobin and light scattering, reflec tance at 590 nm was also recorded and subtracted from that at 605 nm (e.g., LaManna et aI., 1987) . For "on-line" measurements, the signal was calibrated as percent of full scale, with 0% being the situation with no 605 nm reflec tance and 100% being with equal 605 and 590 nm reflec tance prior to experimental manipulations. For compari sons among animals such as in Table 1 , it was necessary to define redox shifts of cytochrome a,a3 with relation to its baseline (considered 0%) and to maximal reduction produced during ischemia (100%).
EEG activity. Whenever K + 0 was recorded, EEG ac tivity was monitored from the cortical depth by alternat ing current (AC) amplification of the voltage output of the reference barrel of the K + -sensitive microelectrode [al though this recording is more precisely considered the electrocorticogram (ECoG), the more commonly used ge neric term "EEG" is used]. In other animals, EEG ac tivity was monitored through an Ag/ AgCl wire (200 ILm diameter) placed on the neocortical surface. In both pro cedures, EEG activity was recorded with reference to an Ag/ AgCl wire electrode placed on the neck musculature that served as a ground. EEG suppression was judged by independent analysis of chart recordings by at least three of the author/investigators. Similar independent analyses of chart recordings were used to define AD, maximal cy tochrome a,a3 reduction, and maximal decline in tP02.
RESULTS
Effects of four-vessel occlusion
Ischemic insults were considered complete when carotid ligation produced shifts toward reduction of cytochrome a,a3 and declines in tP02 that were ul timately sustained at maximal levels equal to those subsequently produced by terminal inspiration of N2• Additional criteria for "complete" ischemia were sustained EEG suppression and an initial rise in K + 0 followed by a precipitous increase in K + efflux to the 5{}-80 mM values characteristic of an oxic depolarization. Data from animals in which these criteria for complete ischemia were not met were not analyzed further. Characteristics of re- Values are means ± SD. * Signifies a statistical difference from control at p less than 0.01. ** Signifies a statistical difference from control at p less than 0.002.
sponses to carotid occlusion in animals judged to have incomplete ischemia were previously pub lished (Harrison et aI., 1985) . Temporal relationships among the measured events during ischemia judged to be complete are exemplified by Fig. 1 . Consistently, tP02 began to decline and the redox ratio of cytochrome a,a3 be gan to increase within seconds after carotid occlu sion. Within a short time, also, there were small increases in K + 0 and EEG amplitude became de pressed and then isoelectric at 39.7 ± 9.2 s (mean ± SD; range of 24-56 s; n = 37) following carotid occlusion. Levels of K + 0' tP02, and cytochrome a,a3 redox ratios at the time of EEG suppression were each statistically different than control values (significance determined as a one-sample t test based on differences between matched pairs in two populations). These values are shown in Table 1 , which also contains values that occurred later, at the time of anoxic depolarization.
EEG Suppression and subsequent events
Evidence suggests that EEG suppression influ ences subsequent events. For example, consis tently at the time of EEG suppression, there were transient decreases in (a) the rate of K + elevation in the extracellular space; (b) the rate at which tP02 declined; and (c) the rate at which cytochrome a,a3 became reduced (cf. Fig. O . Such data, from the seven animals in which all parameters were simul taneously measured, are presented quantitatively in Fig. 2 . In this figure, solid bars represent changes during a lO-s period immediately after onset of ca rotid occlusion. Diagonnally striped bars represent changes during a period of similar duration imme diately after the EEG became isoelectric. The left graph of Fig. 2 represents K + 0 increments during these periods (1.41 ± 0.45 and 0.09 ± 0.37 mM, respectively); the center graph shows that tP02 ini tially declined at a rapid rate (6.41 ± 4.75 mm Hg in lO s) while tP02 was slightly increased (0.07 ± 0.78 mm Hg) in the lO-s period immediately after EEG suppression. The relatively high standard deviation value associated with tP02 changes following EEG suppression reflects the fact that in some animals tP02 continued to decrease (although at a slower rate than prior to EEG suppression) while in others tP02 was transiently increased. In these latter ani mals, tP02 subsequently decreased again and later reached minimal values.
The right graph of Fig. 2 shows rates of cy tochrome a,a3 reduction in the same 10-s periods as above. The cytochrome became reduced by 28.37 ± 13.74% of its maximal value within lO s after carotid occlusion. Mter the EEG became isoelectric, the RC Clamp
mean redox change was 1.49 ± 3.89% in the direc tion of oxidation. The relatively large SD value here also reflects that in some animals the cytochrome continued to become reduced (although at a slower rate) following EEG suppression, while in others the cytochrome became transiently more oxidized. In all animals, cytochrome a,a3 subsequently be came more reduced and later reached maximal lev els of reduction.
It was of concern that the lowering in rates of cytochrome reduction or tP02 decline seen after EEG suppression could be due merely to the fact that these parameters approached maximal values as the duration of ischemia increased. That this is not the situation, however, is shown by findings that these rates increased again with the onset of anoxic depolarization. Pre-and post-AD rates of tP02 decline and cytochrome a,a3 reduction are de picted also in Fig. 2 (cross-hatched and open bars, respectively) and are described below. Additional data supporting a relationship be tween EEG suppression and subsequent events were derived from the inverse correlation between the latency to EEG suppression and that to maxi mum cytochrome a,a3 reduction (mean = 213.9 ± 88.6 s, n = 37, range of 76-502 s). This correlation is shown in Fig. 3 (n = 37, r = -0.469, p = 0.003). An inverse relationship was also suggested by plot ting latency to EEG suppression and time required for tP02 to reach minimal values (mean = 146.3 ± 65.7 s, n = 7, range of 52-224 s). Likely because of the limited number of animals in which tissue oxy- genation was measured, however, this plot did not reach statistical significance. Nevertheless, the sug gestion that EEG suppression inversely influenced the tP02 decline is supported by prior findings that the cytochrome redox state is sensitive to tissue oxygenation (e.g., Kreisman et al., 1981) and by Fig. 4 , which shows that the latency to maximum cytochrome a,a3 reduction was linearly related to times required to produce anoxia (n = 7, r = 0.772, p = 0.042). When latency to EEG suppression was plotted vs. latency to AD (which was defined as the onset of the maximal rate of increase in K + 0) (mean = 122.3 ± 43.2 s, n = 18, range of 54-220 s), a negative slope was also apparent but statistical sig nificance was not approached.
Anoxic depolarization K + 0 increased during the interval between EEG suppression and AD, but the cytochrome redox state and tP02 were not significantly changed (cf .  Table O . AD occurred prior to maximal cy tochrome a,a3 reduction in 17 of 18 animals and prior to maximal tP02 decline in all animals tested (717). Examination of individual records such as in Fig.  1 suggests that rates of cytochrome a,a3 reduction and tP02 decline were accelerated at the time of AD. To confirm this suggestion, changes in the re dox status of cytochrome a,a3 and in tP02 levels were measured during 10-s intervals within 60-s windows prior to AD and after AD (Fig. 2) . The 10-s intervals were chosen to account for the maximum changes in these parameters within the window pe riods. Window periods were used because AD was measured at a single locus by the K + -sensitive mi croelectrode and sometimes maximal changes in the single-point measurement of tP02 and in the more global optical measurement of cytochrome a,a3 oc curred slightly out of synchrony with the observed onset of the large increase in K + 0 during AD. The center graph in Fig. 2 shows that immediately prior to AD, tP02 increased slightly (0.24 ± 0.99 mm Hg/1O s). After AD, tP02 declined at a rate of 3.99 ± 1.15 mm Hg/I0 s.
Rates of reduction of cytochrome a,a3 prior to and following AD were calculated in a manner sim ilar to those for tP02 (above). The right graph of Fig. 2 shows that prior to AD, the cytochrome be came reduced by 0.84 ± 3.95% during 10 s. After AD, this rate increased to 12.27 ± 13.09%/10 s.
An association between AD and subsequent events is also demonstrated in Fig. 5 . This figure shows the relationships between latency to AD and to minimum tP02 (left plot, n = 7, r = 0.912, p = 0.002) or to maximal cytochrome a,a3 reduction (right plot, n = 18, r = 0.619, p = 0.008).
Response patterns
During complete ischemia, shifts toward reduc tion of cytochrome a,a3 were monophasic (9 of 37 animals) or biphasic with some reoxidation occur ring prior to attainment of maximum reduction (28 of 37 animals). This disparity in response patterns likely accounts for the relatively large SD values existent in rates after EEG suppression (Fig. 2) . These patterns are defined in Table 2 as follows: (a) "M" represents monophasic responses; (b) "Bl" represents the 20 (of 37) animals in which the reox idation that occurred prior to attainment of maxi mal, sustained cytochrome reduction was <25% of the maximal value; (c) "B2" indicates that reoxida tion was between 25 and 50% of the maximal shift toward reduction (this occurred in 4 of 37 rats); and (d) "B3" indicates that reoxidation was greater than 50% of the maximal reduction (this also oc curred in 4 of 37 rats). As expected, cytochrome a,a3 became maximally reduced more quickly in an- to AD and to minimum tP02 (left plot) and between latencies to AD and those to maximal cytochrome a,a3 reduction (right plot).
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imals with monophasic responses but times to max imal cytochrome reduction were not significantly different among animals exhibiting biphasic re sponse patterns. Initially unexpected, however, was the retrospective observation that times to EEG suppression were significantly faster in ani mals exhibiting biphasic responses than in those with monophasic responses. There were no signifi cant differences among these times in the B 1, B2, or B3 groups.
DISCUSSION
EEG suppression and anoxic depolarization are complex events and do not occur simply as a func tion of progressive oxygen decline during cerebral ischemia. On the contrary, tP02 is itself influenced by these physiological changes. We suggest that EEG suppression spares energy for other functional activities such as ion transport, while later during ischemia, AD accelerates the decline in tissue oxy gen stores.
Among evidence supporting the fact that oxygen is spared by EEG suppression are findings that the rates at which K + 0 increased, tP02 declined, and cytochrome a,a3 became reduced were each tran siently lower after the EEG became isoelectric. In terpretation of these results is complicated since EEG activity may be transiently enhanced prior to suppression (e.g., Hansen, 1978) by early depres sion of inhibitory activity and initial depolarization in anoxic neurons (Fujiwara et al., 1987) . However, EEG enhancement does not fully explain our data because the decreases in rates of K + 0 rise, tP02 decline, and cytochrome a,a3 reduction were de fined vs. rates recorded in the lO-s period just prior to EEG isoelectricity at a time when the EEG was already showing marked depression in most ani mals. Also, no period of EEG enhancement was consistently observed although compression of our signals on chart recordings makes it difficult to pur sue this point.
Perhaps the most compelling evidence that EEG suppression spares oxygen is based on events that occurred afterward. Most important among these is the inverse relationship between latencies to EEG suppression and to maximal cytochrome a,a3 reduc tion while latencies to maximal cytochrome reduc tion and to maximal tP02 decline were highly cor related. Previous studies have also demonstrated a tight couple between tissue oxygenation and cy tochrome a,a3 redox state in normoxia and in tran sitions to hyper-and hypoxia (Kreisman et al., 1981) . Further support is derived from analysis of the response patterns that occurred during isch emia. As described previously (Harrison et al., 1985) , transitions to maximal tP02 decline and cy tochrome a,a3 reduction exhibited monophasic or * Signifies a statistical difference from control at p less than 0.05. ** Signifies a statistical difference from control at p less than 0.005. *** Signifies a statistical difference from control at p less than 0.001. 228.5 ± 42.9** (n = 4) (more commonly) biphasic patterns. As expected, cytochrome a,a3 became maximally reduced more quickly in animals with monophasic response pat terns. However, latencies to EEG suppression were longer in these animals than in those whose cy tochrome and tP02 response patterns were biphasic (Le., slower).
The conclusion that EEG suppression spares ox ygen stores is strengthened also by considering al ternate explanations. It is possible, for example, that rates of oxygen decline or cytochrome a,a3 re duction influenced EEG suppression. If true, a faster transition to maximal cytochrome reduction should be associated with more rapid transitions to EEG isoelectricity. The inverse relationship be tween latencies to EEG suppression and to anoxia indicates that this is not a likely possibility. It is also possible that events associated with rapid transi tions to anoxia spared EEG activity and protected against its suppression. While compatible with ob served data, this is not likely since no similar pro tection is provided to events associated with anoxic depolarization.
In contrast to EEG suppression, latency to AD was related to latency of subsequent maximal re duction of cytochrome a,a3 and AD appeared to accelerate tP02 decline. Much evidence suggests that AD is related to brain energy deprivation. For example, ion homeostasis was influenced by the preischemic metabolic rate (Collewijn and Schade, 1964; Astrup et al., 1980) , by blood glucose levels (Hansen, 1978, Siemkowicz and , and by depletion of high-energy intermediates (Krivanek et al., 1959; Astrup et al., 1979) . Our data indicate that another factor regulating AD latency is oxygen preservation by EEG suppression. This is compatible with reports that ischemia-induced rates of ATP decline are lessened by EEG suppression (Nordstrom and Siesjo, 1978) . A link between EEG suppression and AD was not reported by Astrup et al. (1980) , who found that the latency to EEG sup pression during ischemia was unchanged despite widely ranging preischemic metabolic conditions. Only when hypothermia was combined with pheno barbital anesthesia was EEG suppression slowed and, in those animals, times to AD were increased threefold. What may underlie the difference be tween our widely ranging EEG suppression laten cies and the narrow range of latencies to EEG sup pression in the study by Astrup et al. (1980) is that the latter was based on ischemia produced by car diac arrest, which likely produced a more rapid and complete insult. The most usual pattern of oxygen ation change in our study (that of an initial decline followed by some restoration of the brain oxygen-ation state) suggests that there was a small, residual cerebral circulation during this period. Variability of this circulation among animals could produce a situation that was fortuitous in the present studies since it provided marked variability among EEG suppression latencies. Another finding complicating the interpretation of EEG suppression is that evoked responses were prolonged during anoxia in hippocampal slices pretreated with creatine to in crease PCr (Lipton and Whittingham, 1982) . One explanation could be that different pools of A TP, possibly with different sensitivities to oxygen de cline, may be involved (Lipton and Whittingham, 1982) . Another could be that different sources of energy, one predominantly oxidative and the other glycolytic, are responsible for maintenance of EEG activity and for K + 0 homeostasis during the early ischemic period. Another interrelated possibility is that EEG activity may be closely linked to an oxy gen sensor that reacts to small declines in oxygen ation that may occur without apparent effect on en ergy stores while ion-transport functioning is de pendent upon energy itself. These possibilities are supported by recent studies demonstrating a link between ATP from glycolysis and ion-transport ac tivity in brain and other tissues (e.g., Raffin et al., 1988b) . They also could explain the apparent refrac toriness of EEG suppression latencies to changes in preischemic metabolic rate seen by Astrup et al. (1980) . In the latter study, cerebral oxygenation may be elevated under the conditions that height ened metabolic rates so that latencies to "critical" oxygen declines were unaltered. Another possible explanation could be that oxygen-sensitive neuro transmitter activity may be impaired at oxygenation levels that have minimal effect on energy metabo lism (e.g., Davis and Carlsson, 1973; Gibson and Blass, 1976) . What complicates these suggestions is that EEG suppression is associated with a discern able ATP decline (Naruse et al., 1984) although as signment of this ATP to glycolytic or oxidative me tabolism cannot be made. It is also possible that EEG suppression and transmission failure are due to cerebral acidosis, which may have negligible in fluence on ion transport (Yoshizaki et al., 1989 ) al though this is not supported by recent studies in turtle brain (Feng et al., 1990) .
The present study also provides insight into rela tionships between tP02 and the redox status of cy tochrome a,a3. Although a tight couple between these was reported during changes in oxygenation in brains with normal blood flow (Kreisman et al., 1981) , the possibility remained that this couple might be altered by ischemia since mitochondrial redox activity is sensitive not only to oxygenation but also to (a) the phosphate potential (ATPI ADP + Pi), (b) the rate of electron transport, and (c) the availability of reducing equivalents that is a func tion of glycolytic activity and substrate availability (e.g., Chance and Williams, 1956) . However, pat terns and time courses of ischemia-induced de creases in tP02 and increases in reduction of cy tochrome a,a3 were tightly coupled, which supports the concept that tissue oxygenation is the major in fluence upon the redox status of this cytochrome during ischemia. It should be noted that apparent decreases in NADH fluorescence were reported to occur during some ischemic insults by Mayevsky et ai. (1985) . Such fluorescence decreases were con sidered due to increased tissue reflectance rather than to reoxidation of NADH. Our findings that tP02 was sometimes increased during carotid occlu sion, and that such increases were coupled to cy tochrome a,a3 oxidation, suggest that transient reoxygenation may contribute to the NADH signals as well.
These data also suggest a caution with regard to the "four vessel occlusion model" of ischemia de scribed by Pulsinelli and Brierley (1979) , which may apply to other models as well. Many such models have advantages of providing reversible, severe, global ischemia but are often complicated by vari ations in the intensity and time course of ischemia among animals (e.g., Harrison et aI., 1985) . Varia tions in the decreases in PCr and A TP among rats (e.g., Yoshizaki et aI., 1989) despite EEG suppres sion in all animals confirms that EEG criteria alone cannot predict the patterns and time courses of brain deoxygenation or loss of ion homeostasis. This is especially the situation since EEG suppres sion itself appears to influence these subsequent events. A similar caution must be applied to the use of EEG or evoked potentials as a clinical signal of central nervous system (CNS) integrity (e.g., Nu wer, 1988) . Although electrical suppression cer tainly indicates a major shift in metabolic status, it must be determined whether such suppression is protective and supports recovery more than does the maintenance of some electrical activity during insults that threaten declines in oxygen or energy stores.
